04W". We attempted to determine whether continuous wave Doppler backscatter power could be used to quantify mitral The backscattering coefficient of blood is determined by the intrinsic acoustic properties, hematocrit, packing density and degree of aggregation (which is shear-stress dependent) of red blood cells and the degree of turbulence (18) . This relation between signal power and volume insonated is fundamental to all current models of the scatter of ultrasound by blood (15, 18, 19) . Therefore at a constant backscattering coefficient and transmitted power, the backscatter power will vary directly with the volume of blood insonated .
that derived from angiographic left ventricular volume and thermodilutlon cardiac output . In addition, 12 normal control sub .
jects were studied by the Doppler method .
Results. Mean unique information about the number of moving scattering particles encountered by the ultrasound beam (15) . We used this signal power to quantify relative flow .
Methods
Theoretic background . Reflectors much smaller than the wavelength of ultrasound, such as red blood cells, cause ultrasound to be scattered (16) , as described by Rayleigh's law (17) . At a given ultrasound frequency the power of such a scattered signal is proportional to the power of the transmitted ultrasound beam (PT), to the backscattering coefficient of blood (BSC) and to the volume insonated (V) :
Backscatter power z PT-BSC-V .
The backscattering coefficient of blood is determined by the intrinsic acoustic properties, hematocrit, packing density and degree of aggregation (which is shear-stress dependent) of red blood cells and the degree of turbulence (18) . This relation between signal power and volume insonated is fundamental to all current models of the scatter of ultrasound by blood (15, 18, 19) . Therefore at a constant backscattering coefficient and transmitted power, the backscatter power will vary directly with the volume of blood insonated . Patients . Two groups were studied . There were no patients with echocardiographic evidence of aortic or mitral stenosis . Echocardioilraphic study. The mitral and aortic valves were insonated by continuous wave Doppler from the cardiac apex with the patient in the left lateral position (Acuson 128 ultrasound machine with a 2 .(-MHz continuous wave transducer). The lowest filter setting (5(x) Hz, corresponding to a velocity -16 cm/s) was used, so that signals from cardiac wall motion were eliminated while preserving signals from low velocity flow as much as possible. The Doppler pt stprocessing curve was set such that there was a linear relation between the 35-dB dynamic range and the gray-scale intensities of the spectral display. The ultrasound machine used did not have an autogain function on the spectral display and did not fill in dropout to enhance the display's appearance. The mitral inflow was insonated first, and the Doppler was gain set to optimize the spectral display. Once set, the Doppler gain and velocity scale were not readjusted during the recording of aortic outflow. The spectral display of the Doppler signal recorded from both valves represented the maximal velocity of flow and signal intensity obtainable during careful and persistent adjustment of beam direction (Fig. 1) . Accurate recording of Doppler backscatter power requires the same meticulous adjustment of beam direction as that used to record the maxis :a : systolic pressure gradient across a tricuspid or stenotic aortic valve . Both mitral and aortic flow were recorded on VHS videotape, and the images were processed off-line .
O1-line image processing. The Doppler signal was pro- Invasive study. Right and left heart catheterization was performed immediately before angiography . Forward flow was measured by thermodilution . Five measurements were taken, averaged and then divided by the average heart rate to calculate forward stroke volume . Stroke volume was measured from a single-plane left ventriculogram using the area-length method (20) . No patient had a regional wall motion abnormality. Ectopic and postectopic beats were excluded.
Statistics. The variables measured were continuous, with the central tendency expressed as arithmetic mean and dispersion as standard deviation . The normality of data distribution was confirmed using the Shapiro-Wilk statistic . Differences in mean values were evaluated for statistical significance using a two-tailed Student i test. The Pearson coefficient was used to correlate cardiac catheterization and Doppler measurements of regurgitant fraction . Agreement between the Doppler and cardiac catheterization methods of assessing regurgitant fraction was assessed by the Bland-Altman method (21) .
Results
From 20 patients with mitral regurgitation the average regurgitant fraction by cardiac catheterization was 0 .50 ± 0.26, and the mean Doppler regurgitant fraction was 0.47 ± 0.25 (Table 1) . Correlation between invasive regurgitant fraction and Doppler regurgitant fraction was r = 0.89 (Fig . 2) . Agreement between the catheterization and Doppler estimates of regurgitant fraction was assessed by the Bland-Altman method (21) ; the Doppler estimate exceeded the catheterization estimate by 0 .032 on average (bias) . The standard deviation of the difference between the two estimates was 0.12; hence the limits of agreement (bias ± 2 SD) were -0 .21 to +0.27 (Fig. 3) . In 12 normal control subjects with an expected regurgitant fraction of zero, mean Doppler regurgitant fraction was 0.03 ± 0.05 (Fig. 4) . *The power of the raw Doppler signal was compressed to the 35-dB range, then converted linearly to a 256-level gray-scale display . Therefore, relative to the lowest intensity gray-scale level, each nth intensity level represents a relative signal power of (1 .032)"-' . 
Discussion
Present study. Our method provides an accurate, noninvasive evaluation of the severity of mitral regurgitation . The measurement of Doppler backscatter power overcomes the t^rhnir".I aid-°iesi'al limitations of other echocardiographic methods . We found it especially useful in patients with poor image quality, in particular in those with prosthetic valves in whom the assessment of severity in terms of the size of the regurgitant jet may be misleading, and in patients with acute severe mitral regurgitation in whom the jet area recorded by color flow mapping may be smaller than expected . As such we believe that it is a valuable addition to the noninvasive evaluation of mitral regurgitation .
Because no commercially available ultrasound machine directly displays Doppler backscatter power, we devised a method to derive the relative Doppler backscatter power from the pixel intensities of the spectral display . This method was possible because the ultrasound machine used in this study generated a linear display of the logarithmically compressed Doppler signal power without enhancing the spectral display either by filling, in the case of dropout, or by use of an autogain function . Our methodology would have been more precise if a direct digital output of the raw Doppler signal had been available for analysis . If a manufacturer were to arrange the direct display of Doppler backscatter power, a simple on-line calculation of regurgitant fraction could be made .
We found good correlation (r = 0 .89) with the reference standard provided by angiographic and thermodilution data. The concept of a reference standard does, however, have the effect of attributing all error and lack of correlation to the method under examination . Angiography and thermodilution are known to be prone to substantial errors (22) , which must have made a significant contribution to the reduction of the correlation between this reference standard and the Doppler method tested . This problem is greater in the presence of atrial fibrillation because of the limited number of beats that can be measured for estimation of angiographic volume and the possibility of hemodynamic variation causing variation in the regurgitant volume . We attempted to minimize these difficulties by performing our Doppler studies immediately before cardiac catheterization. The Bland-Altman analysis displays the difference between the Doppler and cathcterization assessments of regurgitant fraction . However, in view of the limitations of the accuracy of the catheterization assessment mentioned earlier, it is uncertain how much of this difference can be attributed to the errors of each method . Further testing of the Doppler power method in the clinical environment is therefore required before accepting it as an established technique for the assessment of the severity of mitral regurgitation . JACC Vol. 24, No. 3 September 1994:690-5 Theoretic implications . Whether the scattering of ultrasound by blood is conceptualized as scattering by particles (15, 23) , as a fluctuating continuum (24) or as a combination of both (19) , the scattered ultrasonic power is a function of the intensity of the transmitted ultrasound, the backscatter coefficient of the blood and the volume of the blood insonated (15, (23) (24) (25) . Thus, the relative power from two regions of flow with similar hemodynamic conditions will be determined by the relative volume of moving blood in the two regions, assuming no difference in ultrasonic attenuation . Although a full theory of anterograde flow through a valve orifice has not yet been worked out, it is reasonable to apply some of the concepts used to analyze the behavior of jets through stenosed and incompetent valves to normal anterograde flow (5) . In particular, the blood flowing through an orifice has a momentum, defined by the volume of blood passing through it at any instant, and its velocity (26) . This momentum is dissipated as the moving blood mixes with blood already present in the receiving chamber and slows down. The size of this moving column of blood is determined by its momentum . This relation is complicated by a number of factors, including the chamber's walls . Nevertheless, our results indicate that the volume of the moving columns of blood, detected by the ultrasound beam, is related to both the orifice area and the velocity of flow through the orifice. This relation between the number of moving scatterers detected by the beam and the volume of anterograde flow across the valve requires further investigation .
Other studies . Other workers (27) have used amplitudeweighted mean velocities to quantify mitral regurgitation . This method is partially based on the false assumption that the backscatter amplitude and not the power is proportional to the blood volume insonated . It is true that for a fixed volume of blood the scattering power is not proportional to the number of red blood cells or hematocrit because of variations in the packing of red blood cells with a changing hematocrit. However, if the hematocrit remains constant and the blood volume is altered, then the power of the backscatter signal will change in proportion to the volume, if other factors are held constant (25) . In addition, the multiplication of velocity and amplitude does not seem theoretically justified nor is this product dimensionally meaningful .
It is common practice for those interpreting continuous wave Doppler recordings to use the signal intensity of the regurgitant flow as an empiric measure of the severity of regurgitation . Indeed a semiquantitative method for assessing mitral regurgitation from the intensity of the regurgitant jet has been developed (28) . However, we chose not to use the signal intensity of this turbulent regurgitant flow because turbulent flow increases the backscatter coefficient of blood, producing a high power signal (6,18,23) not directly comparable with a signal from a region of laminar flow . We excluded patients with mitral stenosis for the same reason : It would not be valid to compare turbulent mitral inflow with laminar aortic outflow. However, estimates of regurgitant fraction in patients with prosthetic valves in our study did not vary systematically from those with native valves . We therefore concluded that 
